The push-out test is used to measure the level of adhesion between the steel and cement, a fundamental factor for mechanical and chemical stability in oil wells. In this paper, the numerical simulation of the mechanical behavior of the steel-cement interface was performed. For this purpose, it was used a mathematical model combining the characteristics of non-damaged interface progressing to the complete deterioration with the action of an external shear force. The proposed model was implemented in CAST3M software. To validate the proposed model, push-out tests were performed with three different interface conditions. These tests made possible the observation of the influence of the different conditions used in the experiments and the sensibility of the model variables to these changes.
Background
The push-out test is the main tool used to evaluate the strength of the structure composing an oil well. This structure is composed of a coated steel pipe by cement. The information to be analyzed after the test, is the maximum force of adhesion which is the maximum load supported by the specimen during testing.
The adhesion results of the superficial interaction at the interface between materials placed in contact with each other. Mathematical models of interface called cohesive zone models simulate the mechanical behavior of these interfaces when subjected to stress, including possible loss of adherence resulting from the action of a load greater than that supported by the interface. In these models, the decohesion between the two bodies joined at the interface is described by a mathematical relationship between the stresses acting on the interface and its opening [1] [2] [3] [4] .
In this work, the cohesive zone model proposed by Valoroso and Champaney [5] will be applied in the study of the behavior of steel-cement interface, submitted to static loading. The results obtained with the mathematical model are compared to experimental results with three different interface conditions. The purpose is to find the best contact condition between steel and cement.
Methods
Push-out tests were performed to evaluate three different conditions at the interface between the steel and cement. This test consists of extracting the steel pipe of a cylindrical cement block. The extraction is done by pushing only the steel tube causing shear stresses at the contact surface between steel pipe and cement cylinder, as shown in Figure 1 . The information to be analyzed after the test is the maximum force of adhesion that is the maximum load supported by the specimen during testing.
For tests were used specimens molded by the following materials: Galvanized steel pipe ABNT 1030, with an outer diameter of 33.70 mm, internal diameter of 28.40 mm and 200.00 mm in length; molds of cylindrical specimens of steel with outer diameter of 55.00 mm, inner diameter of 50.00 mm and 100.00 mm in length; nylon to fixing base; Cement CP V-ARI; potable water; sodium chloride (NaCl); Kaolin; Silicate alkaline sodium PQ-1.65, with PH 11-13; P220 Sandpaper water; Ethanol.
Three push-out tests were performed, each one with different interface condition, namely: Smooth and dried (later named by SD), consisting of direct contact between the steel and cement; NW as the interface with presence of 3% solution of NaCl in 1 L of water, and GP corresponding the interface with geopolymer synthesized with kaolin and sodium silicate.
The specimens were prepared as follows: First of all, the galvanized steel tubes were sandpapered removing rust and galvanic coverage, and then cleaned with ethanol. The cement paste was prepared with cement and water, following the water/cement ratio of 0.44, which is the standard reason used in cementing of petroleum wells, according to Economides et al. [6] .
For SD condition, the steel tube was initially washed with water and dried with ethanol. In this condition, the steel tube has not undergone any chemical treatment. The specimen was molded by placing the steel tube in the mold and injecting the cement paste.
The NW condition consisted perform a chemical treatment on the surface of the steel tube before placing it in the mold. This chemical treatment refers to spray the tube, a solution of 3% NaCl in 1 L of water, approximately corresponding to the salt content in seawater and used in drilling fluids. After chemical treatment, the tube was placed into the mold and the cement is injected in the same manner as in the SD condition.
To GP condition, before placing the tube into the mold and injecting cement, the geopolymer coating was applied to the base of kaolin and sodium silicate on the surface. To the preparation of geopolymer, it was initially performed the kaolin calcining, heated to 700°C for 2 h, such as the kaolin reaches to the metakaolin condition and becomes more reactive. After manual mixing of the geopolymer precursors, the tube was coated with a layer of cement from the geopolymer synthesized with 2 mm and the same was brought to the drying oven to cure and remained at 55°C for 24 hours, conditions which provide good mechanical properties to the geopolymer [7] . Finally, after the curing of the geopolymer, the tube coated with this material was placed into the mold and the cement was injected, concluding the molding of the specimen.
After molding, all samples were maintained at a temperature of 60°C for a period of three days. The specimens were transported to the testing machine, which were also tested at 60°C. The testing machine used was Shimadzu Servopulser with 50 kN load cell and has an integrated oven, allowing the tests above ambient temperature. Figure 2 shows the specimen during the test.
The cohesive model proposed by Valoroso and Champaney [5] is used in this study. The push-out static test described above was simulated in the finite element software Cast3M [8], developed by the Commissariat à l'Energie Atomique (CEA) in France.
Three different meshes were created to represent the specimen: A two-dimensional representing the steel pipe with 600 quadrangular elements with 4 knots, a twodimensional representing the cementitious coating, with 1000 quadrangular elements with 4 knots, and a one-dimensional representing the interface between the steel and cement, with 100 linear elements with 2 knots.
The parameters used in the model for simulating the push-out test were grouped in Table 1 . Each parameter combination is equivalent to one of the conditions tested. All values, except the friction coefficient μ, were chosen based on the experimental results. The value of μ obeys the results obtained by Baltay and Gjelsvik [9] and Wang et al [10] .
Results and discussion
The model was implemented in the finite element software (Cast3M). Figures 3, 4 and 5 show the force-displacement curves obtained and compared with the experimental results.
It was noticed that the curves of the three samples tested have a similar behavior, according the result of a typical push-out test, although the maximum force adhesion and the friction force are not the same.
In all three cases, the curve initially presented a linear behavior, representing a perfect adhesion between the steel and cement. This linear behavior continued until the maximum force of adhesion was reached. After reaching the maximum adhesion force, the interface was damaged progressively until full rupture. This phenomenon is identified by gradual decrease of the value of the adhesion force to a constant value corresponding to the frictional force.
The NW interface condition showed higher adhesion tension compared to other samples and this can be justified because the cement hydration is accelerate by the ionic species present on the salt increasing their resistance. It is also possible that the chlorine ions act catalytically in the process of corrosion of metal piping and creating a more roughened surface, thus improving the adhesion. Figure 3 Comparison between the experimental and the numerical result in SD condition.
The GP interface condition showed the lowest adhesion tension among tests. This may have occurred because of geopolymers mechanical resistance decreases with increasing water content in its composition, caused by geopolymers contact with the water present in the cement.
Conclusion
Among the interface conditions tested, the condition NW showed the better results. This can be explained mainly by the positive influence of chloride ions on the cement hydration ions and by the surface corrosion of the steel tube, improving the surface's wettability.
The numerical results reproduced exactly what was seen experimentally, although the first two conditions of simulated interface (SD and NW) were not able to reproduce, in the simulation, the oscillating behavior of the experimental curves. The proposed interface model reproduces the damage evolution at the interface and the combination with formulation for friction provides a coherent response with what was observed in the experiments. 
